structural parameters, similar to those applied to study tants and their WT littermates were evaluated in acute hippocampal slices using extracellular and whole-cell RIM1␣ knockout mice (Schoch et al., 2002) , was performed for synapses of the stratum radiatum of the hippatch-clamp recordings from CA1 pyramidal cells. Whole-cell recordings from Ϫ/Ϫ mice displayed a shift pocampal CA1 region. Neither synapse density nor parameters defining presynaptic nerve terminals, e.g., of input-output properties expressed as a significantly reduced excitability over a broad range of stimulation extension of the active zone, number of docked vesicles, SV density in the vicinity to the active zone, are signifiintensities ( Figure 3Ab ). Extracellular recordings showed the same trend but did not reach the level of statistical cantly altered in Ϫ/Ϫ as compared to WT mice (Table 1) . significance ( Figure 3Aa ). Next, we examined by evaluating the paired-pulse characteristics of CA1 synapses Electrophysiological Characterization of Hippocampal Synapses whether the initial release probability was affected. Depending on the initial release probability, synapses show To study the function of Bassoon in synaptic transmission, basic electrophysiological properties of Bsn Ϫ/Ϫ mua characteristic interpulse interval (IPI)-dependent de- (Zucker, 1989) . Over an IPI range from 10 to 500 ms, WT and Ϫ/Ϫ mice showed no significant solution that was 500 mOsm hypertonic (Rosenmund and Stevens, 1996) . Mutants showed an average RRP differences in their paired-pulse responses (Figure 3Ba ). The same paradigm was employed to test inhibitory of 481 Ϯ 91 pC (corresponding to ‫0077ف‬ vesicles, n ϭ 30), while WT littermates had a RRP of 915 Ϯ 168 pC responses after pharmacological blockade of excitatory synaptic transmission. Again, WT and Ϫ/Ϫ mice dis-‫00951ف(‬ vesicles, n ϭ 30, p ϭ 0.025). Wild-type cells had an average EPSC amplitude of 6.9 Ϯ 1.6 nA ‫0301ف(‬ played similar paired-pulse properties (Figure 3Bb) . Finally, we tested whether the absence of Bassoon has vesicles, n ϭ 27) compared to 3.7 Ϯ 0.6 nA ‫064ف(‬ vesicles, n ϭ 33, p ϭ 0.05) of Ϫ/Ϫ cells. From the average consequences on synaptic depression induced by long trains of low-frequency stimulation (LFS, 900 pairs with EPSC charge and the RRP charge, we calculated the mean vesicular release probability as 5.4% Ϯ 0.5% in 50 ms IPIs at 2 Hz). Homozygous mutants displayed a significantly weaker synaptic depression during stimu-WT and 7.1% Ϯ 0.9% in Ϫ/Ϫ mice (p ϭ 0.094; Figure  4D ). This indicates that SVs that reach fusion compelus application than WT mice, whereas long-term depression was unaffected ( Figure 3C Figure 4G ) and to ‫%03ف‬ of including robust synaptic responses and normal mEPSC amplitudes. Mean mEPSC amplitude and charge the initial evoked EPSC size ( Figure 4J ) was observed, indicating that lack of WT Bassoon has no effect on the showed no significant differences between mutant and WT cells, and mEPSC amplitude distributions superimkinetics of RRP refilling. Consistent with the unchanged synaptic release probposed nicely ( Figure 4F ), as did their mean (ϩ/ϩ: 15.6 Ϯ 3.1 pA, 58 Ϯ 11 fC, n ϭ 4; Ϫ/Ϫ: 17.5 Ϯ 3.5 pA, 62 Ϯ 12 ability, time courses during brief trains of stimulation (50 EPSCs at 10 Hz or 5 EPSCs at 50 Hz) were nearly identifC, n ϭ 7). However, on average, both the size of the readily releasable SV pool (RRP) and the mean EPSC cal for WT and Ϫ/Ϫ neurons ( Figures 4H and 4I ), suggesting that reduction of the RRP had no effect on shortamplitude was reduced to about half of that of WT littermates ( Figures 4A-4C) . The RRP was quantified by term plasticity. As a further control, experiments were performed to exclude that the sensitivity of mutant neurons to presynaptically released glutamate is reduced due to impaired postsynaptic AMPA receptor function. We exogenously applied the AMPA receptor agonist kainate (10 M) to age-matched WT and mutant neurons and quantified the whole-cell inward current as a measure for relative AMPA receptor activity. Consistent with the finding that the mEPSC amplitude was unchanged, these responses were similar between WT (280 Ϯ 77 pA, n ϭ 7) and Ϫ/Ϫ neurons (302 Ϯ 72 pA, n ϭ 6).
From these data we can conclude that loss of WT Bassoon leads to a significant reduction of the total number of fusion-competent SVs, without affecting significantly quantal size, vesicular or synaptic release probabilities, vesicular refilling kinetics, or short-term plasticity. The simplest explanation for this observation is that the synapses monitored in our experiments are functionally indistinguishable from their WT counterparts but that in Bassoon-deficient neurons the number of actively releasing active zones/synapses is reduced.
We therefore performed a detailed analysis to quantify the total number of synapses and to test for impaired synapse formation in the mutants. apses ( Figure 5E ). First, we manually counted the of these markers was about 90%. Consistently, in WT neurons, 94% Ϯ 1.4% of Bassoon-positive sites also amount of structures that releases FM but were not associated with synaptophysin. In both groups, they are stained with Piccolo antibodies (n ϭ 1016; five cells), and vice versa, 89% Ϯ 3.8% of Piccolo-positive sites were in the range of 15% (ϩ/ϩ: 14% Ϯ 2%, n ϭ 1978 in 9 cells; Ϫ/Ϫ: 18% Ϯ 2%, n ϭ 4779 in 16 cells). These also carry Bassoon (n ϭ 1126; five cells). Virtually no differences in the colocalization ratios of all tested molestructures most likely do not represent synapses. Second, to determine the fraction of synaptic structures that are cules were observed between WT and Ϫ/Ϫ cultures ( Figure 5F ). This indicates that the lack of release activity release inactive, we counted synaptic structures that did not colocalize with release activity ( Figure 5D ). While at autapses is not correlated with loss of Piccolo or with the alignment to postsynaptic specializations. Altoin WT cells 18% Ϯ 3% (n ϭ 2083, 9 cells) were inactive, the Ϫ/Ϫ neurons had twice as many release-inactive gether this set of experiments shows that the number of active synapses as detectable by FM cycling is signifisynapses (36% Ϯ 2%, n ϭ 6262, 16 cells; p Ͻ 0.01).
Next, we performed a careful pair-wise or triple-staincantly reduced in mutant neurons. This independently confirms the finding from the electrophysiological data ing immunocytochemical analysis of the presence of other pre-and postsynaptic marker molecules at autapses of that fewer synapses are releasing transmitter in mutants, although the degree of reduction in the electrophysio-WT and Ϫ/Ϫ cultures (Figures 5F-5H ). Analyzed molecules include presynaptic (Piccolo, synaptophysin, synlogically measured evoked responses was larger than the fraction of inactive synapses observed in the imaging aptobrevin/VAMP) and postsynaptic proteins (ProSAP1, NMDA receptor). In WT cells, the overlap of each pair experiments. 
Analysis of the Epileptic Phenotype
tivity varied between 18 and 33 s and was followed by a postictal immobility phase of 30-60 s. In part, mouth As Bsn mutant mice develop pronounced seizures, we performed continuous video monitoring and EEG reclonus was observed after termination of generalized seizure activity. In some Ϫ/Ϫ mice, myoclonic seizures cording to assess the seizure phenotype in more detail. Spontaneous seizures with a frequency of up to four were observed independently of generalized clonic seizures. events per day were exclusively observed in homozygous mutants. They showed a typical pattern, with loss
In the cortical and hippocampal EEG, behavioral seizures were paralleled by paroxysmal activity, characterof righting reflex and generalized clonic convulsions with the mice lying on their side, followed by rearing and ized by high-frequency spiking (up to 24 Hz), increasing in amplitude and synchronicity during the seizure (Figbilateral forelimb clonus . Duration of this convulsive ac-ures 6Ab and 6Bb). Toward the end of the paroxysmal CAZ protein has essential functions at CNS synapses. In particular, we find that the loss of functional Bassoon activity, a transition to a pattern with lower frequency (7-8 Hz) but still high amplitude was observed. Between causes a reduction in normal synaptic transmission, which can be attributed to the inactivation of a signifithe seizures, single or accumulated high-amplitude interictal spikes occurred in EEG recordings of Ϫ/Ϫ mice cant fraction of excitatory synapses. At these synapses, SVs are clustered and docked in normal numbers; how- (Figures 6Aa, 6Ba, and 6Ca) , which were never observed in WT mice. In particular in the hippocampus, the freever, they cannot fuse. The remaining active synapses are mostly normal with regard to quantal size, vesicular quency of interictal spikes was markedly increased on days on which seizures occurred. or synaptic release probabilities, vesicular refilling kinetics, or short-term plasticity. This reduction in normal As our functional studies indicated a reduced excitability of hippocampal principal neurons in Bsn mutant synaptic transmission seen in dissociated neuronal cultures and slice preparations correlates well with the dramice, we evaluated the consequences of pharmacological blockade of glutamate receptors in these mice by matic effects at the organismal level, i.e., epilepsy with rapidly generalizing seizures. Physiologically, the loss administration of a low, nontoxic dose of the NMDA antagonist MK-801. The mutants were strikingly more of Bassoon causes a unique set of synaptic changes that are not seen in other knockouts of genes encoding sensitive to motor impairment induced by MK-801 than WT controls. Cumulative scores for ataxia were 23.3 Ϯ CAZ proteins. panied by an overall reduction of the number of fusioncompetent SVs. Most importantly, Bassoon-deficient synapses that participate in release had identical synapDiscussion The analysis of a mouse mutant lacking the central part tic release probability, indicating that these synapses were properly equipped with fusion-competent SVs and of Bassoon demonstrates that this vertebrate-specific that their release efficiency was identical to SVs from targeting and/or anchoring efficiency, and synapses WT neurons. Since mEPSC size and postsynaptic relacking Bsn⌬Ex4/5 would be inactive. In the latter case, sponsiveness were also unchanged, the most plausible synapses that accumulate Bsn⌬Ex4/5 would be perexplanation is that fewer synapses are release competurbed in their function. tent in the absence of WT Bassoon. Indeed, a quantitaFinally, the phenotype could be due to microheterotive analysis of synapse density combined with a funcgeneity of the molecular composition of individual syntional comparison of SV cycling sites in autaptic cultures apses within a neuron. Munc13-1 and Munc13-2 may indicated that the same number of synapses are formed serve as an example that this type of microheterogeneity in the mutants, but about twice as many synapses are exists (Rosenmund et al., 2002) . Here, one may envision functionally silent. Other parameters that may account a scenario that Bassoon performs critical functions, e.g., for synaptic strength did not show significant changes.
in the recruitment of a priming factor, at some synapses Consistent with the observations in situ, number, denand as in "Piccolo-only" synapses of the retina ( Instruments). The responses were filtered at 1 kHz, digitized at 5 Cell fractionation was performed as described (Wyneken et al., 2001) kHz. Statistical analysis was performed using the two-tailed Mannwith minor modifications. Briefly, brain homogenates were spun at Whitney U test and ANOVA for evaluating between groups. 1000 ϫ g for 10 min. The supernatant (S1) was centrifuged at 12,000 ϫ g for 20 min, and the pellets were washed once. Supernatants were combined (S2). Pellets (P2) were further fractionated on 
